10 Amphibian ranaviruses occur globally, but we are only beginning to understand mechanisms for 11 emergence. Ranaviruses are aquatic pathogens which can cause > 90% mortality in larvae of 12 many aquatic-breeding amphibians, making them important focal host taxa. Host susceptibilities 13
Introduction 33
Ranaviruses are primarily infectious pathogens of aquatic ectothermic vertebrates, and have been 34 implicated in mass die-offs of amphibians worldwide (Duffus et al. 2015) . Many anuran species, 35
including the wood frog (Lithobates sylvaticus), experience nearly 100% mortality after exposure 36 as larvae . Little is currently known about reasons for ranavirus 37 emergence, although anthropogenic disturbance is suspected as a leading factor (Jancovich et al. declines at a faster rate at higher temperatures (Nazir et al. 2012 ; Munro et al. 2016) . 50 infection dynamics of aquatic diseases remains poorly understood (Paull and Johnson 2018) . 56
Vernal pools also support highly diverse microbial and micro-invertebrate communities, and 57 although less rigorously studied, these communities could be highly influential in understanding 58 outbreak etiology. For example, FV3 becomes less virulent in the presence of zooplankton 59 (Johnson and Brunner 2014) , and survives longer in filtered and sterilized water (Nazir et al. 60 2012; Johnson and Brunner 2014; Munro et al. 2016) . 61 62 In addition to environmental conditions, we examined several variables shown to affect 63 susceptibility of amphibians to FV3 including developmental stage, and density. Although both 64 L. sylvaticus and L. clamitans have relatively high probabilities of infection and mortality when 65 exposed to FV3, we expect highest prevalence rates overall in L. sylvaticus (Hoverman et al. 66 2011) . Water temperature produces different results with respect to infectivity and mortality, 67 depending on both Ranavirus strain and host species (Rojas et and Gray et al. (2007) found that probability of both infection and mortality was lower at warmer 73 temperatures. In a natural setting, seasonal increases in temperature generally correspond with 74 progression towards metamorphosis in aquatic anuran larvae, measured by increases in Gosner 75 developmental stage (Gosner 1960 with the sequence of forest clearance, intensive agriculture, and subsequent agricultural 100 abandonment and forest regrowth over the last two centuries. Pools varied from 3m-10m 101 diameter, with most circular or ovular in shape. Pools were designed to be hydrologically 102 isolated and were arranged in clusters of 1, 3, or 9 pools within 164m-diameter landscape 103 hexagons ( Figure 1C ). A separate cluster of 32 pools, the "microarray" ( Figure 1B ), was 104 constructed in a grid pattern spanning forested, field, and edge habitats. Several naturally 105 occurring vernal pools were also present within hexagon clusters. 106
107
Sampling 108
All constructed ponds containing water and four natural ponds were sampled at three separate 109 intervals during L. sylvaticus larval development from 2011-2014. Sampling events were spaced 110 three to four weeks apart and began approximately six to eight weeks after L. sylvaticus egg 111 masses were observed, allowing tadpoles to develop to at least Gosner stage 25 (Gosner 1960) . 112
First sampling intervals occurred from mid-May to early June, depending on timing of spring 113 thaw and L. sylvaticus breeding events. Sampling in 2013 was restricted to one interval in June-114
July. 115 116 Larval sampling at each interval was performed by modified pipe sampling methods as described 117 in Werner et al. (2007) . A 33 cm-diameter section of spiral duct pipe was plunged through the 118 water column into the sediment, and tadpoles trapped within the pipe were collected by net 119 sweeps and stored in buckets with water from the same pool. A sample was considered empty 120 once zero individuals were captured for ten consecutive net sweeps. Samples were spaced at 121 least 2 m apart with the exception of pools less than 5 m, from which approximately one sample 122 per 2 m 2 of surface area was taken. Equipment was immersed in 10% bleach solution for at least 123 60 seconds and allowed to air dry between pools. Thirty tadpoles were randomly selected for 124 processing in pools where at least 30 were captured, and all tadpoles were used in pools where 125 less than 30 were captured. All other individuals were immediately returned to their pool of 126 origin. Selected individuals were humanely euthanized by immersion in 70% ethanol, and stored 127 in 95% ethanol at 4°C until further processing. Sampling was performed according to State 
Data Analysis 169
Frog virus 3 (FV3) prevalence was modeled using hierarchical generalized linear regression 170 models (GLMs) with binomial error distribution and logit link function in response to the 171 following variables: temperature, water depth, Gosner developmental stage, tadpole host density, 172 water depth, the average distance to the three nearest neighboring pools (as a measure of spatial 173 clustering of pools), and total pelagic zooplankton concentration (Table 1) . No temperature or 174 zooplankton data were available for the single sampling interval in 2013, and the corresponding 175 prevalence data were therefore excluded from the statistical analysis. 176 GLM parameters were estimated in a hierarchical Bayesian framework using the rstan and 177 rethinking packages in R. This inference framework provided a coherent approach to modelling 178 missing predictor values, which was essential to maintain a dataset representative of the 179 sampling design, given that zooplankton data were only available for approximately 50% of 180 samples (Table 1) sampling occasion j, and p ij is the expected FV3 prevalence, modeled itself as 190 192 193 where β 1…n are the regression coefficients for predictors X 1…n for pool i. W j is the random 194 intercept for sampling interval j, and was modelled as 2A). and increased with increasing water level (β = 0.05, 95% CI(0.03,0.17); Fig. 2C ). Further, 220 prevalence increased with an increase in host density (β = 0.32, 95%CI (0.08, 0.58); Fig. 2D ), 221 but decreased markedly with increasing zooplankton densities (β =-0.63, 95%CI (-0.75, -0.51); 222 Fig. 2E ). Prevalence decreased slightly with increasing distance to neighboring pools (β = -0.70, 223 95% CI (-1.04, -0.37); Fig. 2F ), although a model without this predictor had a similar predictive 224 accuracy (ΔIC = 8, SE 18; Table S1 ). There was also some evidence that prevalence increased 225 slightly as frogs approached metamorphosis (i.e. Gosner stage 42; (β = 0.08, 95% CI (-226 0.01,0.17); Fig. 2B ). Models incorporating fewer covariates exhibited a substantially lower 227 predictive accuracy (Table S1) . 228 229
Discussion 230
The results of this study showed that low temperature, high host density, low zooplankton 231 concentrations, deep water, the close vicinity of other pools, and host Gosner stages approaching 232 metamorphosis were predictors of high FV3 prevalence. These results showed how responses of 233 ranaviruses and hosts to environmental conditions tested in controlled laboratory, or even 234 mesocosm, experiments, may not be representative of what can be expected in a natural setting. 235
These findings also provided novel evidence that zooplankton may play a significant role in 236 reducing prevalence of ranaviruses in the natural environment -a phenomenon previously only 237 studied in laboratory settings (Johnson and Brunner 2014) . Brunner (2014) observed a similar phenomenon with Daphnia and FV3; although Daphnia did 305 not decrease the abundance of FV3, infectivity was reduced. The authors speculated virus 306 particles were somehow mechanically inactivated by the digestive processes of Daphnia. In this 307 study, Daphnia observations were too sparse to use as a predictor, but total zooplankton (which 308 included Daphnia spp.) was a predictor that substantially improved predictive accuracy of 309 models (Table S1 ). Pools with high zooplankton concentrations had substantially lower FV3 310 prevalence than pools with less than c. 50 individuals per liter ( Fig. 2E ). This finding suggests 311 microinvertebrate communities may have been overlooked thus far in the field of amphibian 312 ranavirus research. Although Daphnia have been previously studied in controlled laboratory 313 experiments, other zooplankton should be included in future research; in this study, "total 314 zooplankton" also included copepods, ostracods, and non-Daphnia cladoceran species (Holmes 315 et al. 2016) . 316 317 Clustering of pools had a small effect on FV3 prevalence, although including this parameter only 318 provided a marginal improvement of predictive accuracy, when all other predictors were also 319 considered. Spatial characteristics should be important drivers of transmission as sub-lethally 320 infected adults travelling between sites could be sources of infection; however, we did not find 321 this to be a strong predictor of FV3 prevalence in this system (also see Gahl and Calhoun 2008; 322 Greer et al. 2009 ). Other potentially predictive parameters in future studies may be pool 323 geographic locations, as pools at lower elevations and therefore lower catchment areas could 324 receive more inputs from runoff (Gahl and Calhoun 2008) . 325
Surveillance methods were not adequate to make inferences about FV3 transmission dynamics 327 in this system, given the relatively sparse sampling in time, and because logistical constraints 328 prohibited us from sampling all potential sites harbouring outbreaks. Surveillance for FV3 329 detection in this study included the two most commonly observed anuran species, but in future 330 studies involving transmission, other amphibian taxa must be considered. Several other larvae of 331 aquatic-breeding amphibians were observed in the study pools, including (in order of decreasing Heiberg were constructed, they were not representative of the "constructed ponds" referenced in 347 the literature as having higher prevalence for several reasons. The Heiberg pools were located 348 within a mainly densely forested landscape with no agricultural use or livestock access. Most pool basins were gradually sloping, creating the broader littoral zones characteristic of natural 350 pools. Although we did not quantify aquatic vegetation, we observed abundant vegetation 351 (submergent, emergent, and free-floating) in many constructed ponds during sampling. 352
Vegetation is a recommended parameter to include in future studies, as tadpoles may be more 353 spatially distributed in ponds with greater vegetation thus decreasing rates of contact (Greer and 354 Collins 2008) . In these regards, constructed ponds at Heiberg appeared to mimic natural systems, 355 with the exception of hydroperiod. Most ponds remained permanently filled, and the few that did 356 not either contained no amphibian larvae or dried before larvae could reach metamorphosis. 357
Ranaviruses cause mortality and may lead to reduced fitness, but aquatic breeding amphibians in 358 particular are already subject to an onslaught of challenges prior to metamorphosis, with field 359 mortality rates for larval anurans exceeding an average of 90% (Melvin and Houlahan 2012) . 360
This makes it difficult to determine the degree to which ranavirus-caused mortality exceeds the 361 background rate. Continued disease surveillance therefore needs to be coupled with longitudinal 362 population monitoring to detect long-term population effects of ranavirus prevalence, however 363 our study has provided additional insights into ways of immediately reducing ranavirus infection 364 and mortality in newly constructed ponds closely mimicking natural systems. Many factors must 365 be taken into consideration when designing constructed wetlands such as -to name just a few -366 proximity to anthropogenic influence, hydrological catchment, availability of amphibian source 367 populations, predation risk e.g. accessibility of the wetland to fish. In addition, by designing 368 ponds with locations and basin geomorphologies favoring warmer temperatures, and stocking to 369 establish a plankton community, we may further reduce disease risk and promote thriving 370 populations in artificial wetlands. 371 
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